Purpose: The detection of enzyme activities and evaluation of enzyme inhibitors have been challenging with magnetic resonance imaging (MRI). To address this need, we have developed a diamagnetic, nonmetallic contrast agent and a protocol known as catalyCEST MRI that uses chemical exchange saturation transfer (CEST) to detect enzyme activity as well as enzyme inhibition. Procedures: We synthesized a diamagnetic MRI contrast agent that has enzyme responsive and enzyme unresponsive CEST signals. We tested the ability of this agent to detect the activity of kallikrein 6 (KLK6) in biochemical solutions, in vitro and in vivo, with and without a KLK6 inhibitor. Results: The agent detected KLK6 activity in solution and also detected KLK6 inhibition by antithrombin III. KLK6 activity was detected during in vitro studies with HCT116 colon cancer cells, relative to the detection of almost no activity in a KLK6-knockdown HCT116 cell line and HCT116 cells treated with antithrombin III inhibitor. Finally, strong enzyme activity was detected within an in vivo HCT116 tumor model, while lower enzyme activity was detected in a KLK6 knockdown tumor model and in the HCT116 tumor model treated with antithrombin III inhibitor. In all cases, comparisons of the enzyme responsive and enzyme unresponsive CEST signals were critical for the detection of enzyme activity. Conclusions: This study has established that catalyCEST MRI with an exogenous diaCEST agent can evaluate enzyme activity and inhibition in solution, in vitro and in vivo.
Introduction
Enzymes are important disease biomarkers and can assess early response to treatment [1] . Many assays can detect enzyme expression during in vitro cell studies and ex vivo tissue studies. However, enzyme activity may more accurately indicate the status of a pathology or drug effect [2] . To address this problem, we have previously developed chemical exchange saturation transfer (CEST) MRI to detect enzyme activity [3] . CEST MRI involves selective saturation of the MR signal of a proton on an agent (Fig. 1a, left) followed by chemical exchange of the agent's proton to a water molecule (Fig. 1a, right) which then transfers the saturation to the MR signal of water that can be detected using standard MRI acquisition methods [4] . Enzyme catalysis can change the chemical moieties on the agent, which changes the chemical exchange rate of the agent and changes the CEST MRI contrast (Fig. 1b) [5] . Therefore, monitoring the CEST MRI contrast can detect enzyme catalysis using a protocol known as catalyCEST MRI.
CEST MRI contrast agents that detect the activity of proteases and other enzymes have been developed [6, 7] . However, other conditions can affect CEST contrast, including the concentration of the agent. To address this potential pitfall, we have developed a single CEST agent with both enzyme responsive and unresponsive signals. The ratiometric comparison of these signals can detect enzyme activity in a way that is concentration-independent [8] . We have shown that a single CEST agent can detect enzyme activity in vivo within a mouse tumor model [9] .
The practical value of catalyCEST MRI remains unexplored. Therefore, we proposed to employ catalyCEST MRI to detect the activity of kallikrein 6 (KLK6), an important biomarker of colon cancer [10] . KLK6 is a serine protease that is activated in the extracellular tumor microenvironment, and degrades fibronectin, laminin, vitronectin, and collagen to promote tumor invasion and metastasis [11] . The detection of KLK6 Fig. 1 CatalyCEST MRI of KLK6 activity in solution. a The MR frequency of the amide proton of the agent, FRSA, is saturated (left), and the agent's proton then exchanges with a proton of a water molecule (right), which transfers the saturation to the water and causes a loss of water MR signal. b Cleavage of the CEST agent by KLK6 converts the aryl amide to an aryl amine, which has a chemical exchange rate that is too fast to generate a CEST signal. c The substrate produced two CEST signals at 5.3 and 9.5 ppm, while the product after KLK6 catalysis produced only one CEST signal at 9.5 ppm. d Inhibition of the KLK6 enzyme activity prevented the disappearance of the CEST signal at 5.3 ppm.
activity may improve tumor staging in patients with colon cancer. Furthermore, we proposed to use catalyCEST MRI to detect the decrease in KLK6 activity caused by an anti-KLK6 inhibitor, antithrombin III, to investigate whether catalyCEST MRI can provide value for drug studies [12] . Finally, we tested the effect of antithrombin III in biochemical solution, in vitro and in vivo, to evaluate whether a single imaging technology can produce results across each of these three experimental conditions, which may also provide value for drug studies.
Materials and Methods

CatalyCEST MRI Studies in Biochemical Solution
Details regarding chemical syntheses can be found in the Electronic Supplementary Material (ESM; Fig. S1 ). To study enzyme activity in solution, 2.5 units of KLK6 enzyme (96.15 pmol; 480.7 nM) and 2.5 units of lysyl endopeptidase were added to a 200 μl, 25 mM solution of the contrast agent. The mixture of KLK6 and lysyl endopeptidase was prepared at room temperature 30 min prior to adding the mixture to the solution with the contrast agent so that the lysyl endopeptidase could activate KLK6.
To study enzyme inhibition, 25 μg (436.6 pmol) of antithrombin III and 2.5 units of activated KLK6 enzyme were simultaneously added to 200 μl of agent at 35 mM concentration and pH 7.2. This concentration of inhibitor was 4-fold higher than the concentration of the enzyme, which was less than a 10-fold concentration used in other studies [13] .
Samples in a 200-μl conical tube were placed in a customized sample holder at 37.0 ± 0.2°C. MRI studies were performed with a Biospec MRI scanner operating at 7 T (300 MHz) magnetic field strength with a 72-mm volume transceiver coil (Bruker Biospin, Inc., Billerica, MA). Images were processed and analyzed using ParaVision v5.1 (Bruker Biospin, Inc.) and Matlab v8.4 (Mathworks, Natick, MA). A CEST-FISP MRI acquisition protocol was used with TR = 3.196 ms; TE = 1.598 ms; excitation flip angle = 30°; matrix = 128 × 128; field of view = 8 × 8 cm; in-plane spatial resolution = 625 × 625 μm; 1-mm slice thickness; 1 slice; and 1 average [14] . A 5-s continuous wave saturation pulse was applied with a saturation power of 4 μT. We acquired a series of 85 images with selective saturation from −15 to 15 ppm, in 0.25-ppm increments from 15 to −3 ppm and 1-ppm increments from −4 to −15 ppm, for a total scan time of 7:42 min.
The average signal of the sample and the signal from each pixel were each used to construct a CEST spectrum. Each spectrum was fit with a sum of five Lorentzian line shapes [5] . The center, width, and amplitude of each Lorentzian line were allowed to change to optimize the fit. This method compensated for potential B 0 inhomogeneities in the CEST MR images, so that additional MRI studies were not needed for measuring B 0 inhomogeneity [15] . The fittings determined the CEST signal amplitudes at 5.3 and 9.5 ppm, which were used to determine the reaction coordinate (Eq. [1] 
CatalyCEST MRI Studies In Vivo
All in vivo studies were performed with procedures approved by the Institutional Animal Care and Use Committee of the University of Arizona. Studies were performed using four mice with a flank HCT116 tumor and four mice with a flank shKLK6 tumor. Two additional mice bearing a flank HCT116 tumor were injected intravenously with 125 μg of antithrombin III, an anti-KLK6 inhibitor, 2 h before performing the catalyCEST MRI study. Details regarding the tumor models can be found in the ESM.
To identify the tumor location, images were acquired using a multislice spin echo MRI protocol. The mouse was removed from the magnet, a solution of 200 mM of the contrast agent in 200 μl of Tris buffer was subcutaneously injected into the mouse within 5 mm of the tumor, and the mouse was reinserted into the magnet. A lapse of 10 min between injection of the agent and data acquisition was allowed for the agent to infuse into the tumor. Then, CEST MR images were acquired with a saturation power of 4 μT and saturation time of 3 s [14] . Five 600-ms continuous wave saturation pulses were used at each saturation frequency. For each scan, a series of 51 saturation frequencies were acquired at ppm values of +16, +15 to 3 (0.4-ppm increments), +3.0 to −3.0 (0.5-ppm increments), and −5 to −15 (2-ppm increments). Ten catalyCEST MRI scans were acquired for 35 min. The mouse was then removed from the magnet and cradle and allowed to recover.
For each saturation frequency, the images from the 10 catalyCEST MRI scans were averaged, and a Gaussian spatial filter was applied with a 3 × 3 pixel matrix and a σ value of 1 pixel [15] . The CEST spectrum from each pixel in each region of interest was obtained from the MR images. A function of seven Lorentzian line shapes was fit to each CEST spectrum to measure the signal amplitudes of the CEST effects at 9.5 and 5.3 ppm, two CEST effects from the peptidyl ligand, direct saturation of water, the endogenous effect of amide proton transfer from mobile proteins, and the magnetization transfer effect from less-mobile proteins [5] . The saturation frequency, width, and amplitude of the Lorentzian line shape that fit the direct saturation of water was allowed to change during the fitting procedure. The width and amplitude of the four Lorentzian line shapes that fit the CEST effects of the agent were also allowed to change, but the saturation frequencies were fixed at 9.5, 5.3, 3.0, and 1.8 ppm relative to the saturation frequency of the direct saturation of water. Parametric maps of the CEST signal amplitudes at 9.5 and 5.3 ppm were constructed to evaluate the CEST signals in the tumor and tissues surrounding the tumor. Pixels were retained that had a % CEST signal amplitude above a 95 % probability threshold of being real (details are included in the ESM) [17] . These pixel-wise CEST signals were used to construct parametric maps of the reaction coordinate (Eq. [2] ). The pixel-wise CEST spectra that had agent detected with significantly sufficient CEST signal were averaged to create a single CEST spectrum that was used to represent the tumor, which was fit with Lorentzian line shapes. 
Results
Design and Synthesis of the CEST Agent
Our CEST agent, phenylalanine-arginine-4-aminosalicylic acid (FRSA), was synthesized in five steps with a 20 % yield by combining salicylic acid with a substrate for KLK6 (Fig. S1) [10, 18, 19] . Details of the chemical synthesis can be found in the ESM.
Detection of KLK6 Activity and Inhibition in Solution
FRSA generated CEST signals at MR frequencies of 5.3 ppm from the aryl amide and 9.5 ppm from the salicylic acid, which matched the MR frequencies of similar CEST agents [8, 9, 18, 20] . The agent also generated CEST signals at 1.8 and 3.0 ppm from the peptidyl ligand, which were similar to results from previous studies [8] . These CEST signals from the peptidyl ligand were not used for subsequent analyses due to their proximity to the MR frequency of water (defined as 0 ppm).
To evaluate the detection of KLK6 enzyme activity with catalyCEST MRI, KLK6 activated with lysyl endopeptidase was added to the contrast agent. After incubation for 8 h, the same CEST-FISP MRI protocol was used to obtain CEST spectra after KLK6 enzyme catalysis (Fig. 1c) . A shorter incubation time may have been sufficient for this study, yet we incubated for a long time to promote a high level of conversion of a substrate to product. The 7.5 % CEST signal at 5.3 ppm was reduced to a nearly negligible 0.6 % after enzyme reaction, indicating that aryl amide bond was cleaved by the KLK6 enzyme. The CEST signal at 9.5 ppm from the salicylic acid had a minor change from 8.8 to 8.3 % after the enzyme was added, showing that this moiety was largely unresponsive to KLK6 activity and behaved as an internal control. These CEST signal amplitudes were used to determine that the reaction coordinate was 0.92, establishing that catalyCEST MRI can detect KLK6 activity.
We tested the ability of catalyCEST MRI to evaluate the effects of the KLK6 inhibitor, Antithrombin III. CEST spectra was acquired before and after adding the inhibitor using the same CEST-FISP MRI protocol (Fig. 1d) . The 6.4 % CEST signal at 5.3 ppm only reduced to 6.2 % after treatment with the inhibited enzyme, while the CEST signal at 9.5 ppm changed from 9.8 % to 10.6 % after the enzyme was added. The reaction coordinate was 0.10, demonstrating that catalyCEST MRI could successfully detect KLK6 inhibition by Antithrombin III.
Detection of KLK6 Activity and Inhibition In Vitro
We studied the detection of KLK6 activity in vitro using the HCT116 colon cancer cell line that had high KLK6 expression (Fig. S2) [10] . The CEST signal at 9.5 ppm showed a decrease from 7.8 to 4.0 %. Although sample dilution would be expected to cause the CEST signal to decrease to 4.45 %, the difference between 4.45 and 4.0 % lies within the 1.16 % CEST signal variability that is described below. Therefore, this decrease in CEST signal was largely attributed to the dilution of the agent from 200 to 350 μl (Fig. 2a) . The 7.7 % CEST signal at 5.3 ppm before adding media had vanished after adding media, indicating high enzyme activity in this media. The ratio of the two CEST peaks before and after adding media was used to determine a reaction coordinate of 1.0 (Eq. [1] ). This study demonstrated that catalyCEST MRI can detect enzyme activity in vitro while accommodating the dilution of the agent.
An identical in vitro study was performed with the shKLK6 cell line with knockdown of KLK6 expression (Fig. 2b) [21] . The CEST signal at 9.5 ppm decreased from 9.2 to 3.9 % after adding media, which was largely caused by the dilution of the sample within experimental variability. The CEST signal at 5.3 ppm decreased from 6.2 to 2.5 % after adding media. Most importantly, the ratio of the two CEST signals was 67.5 % before adding media and 64.5 % after adding media, resulting to a reaction coordinate of 0.04 (Eq. [1] ) that indicated a lack of KLK6 activity in the shKLK6 media.
A similar in vitro study was performed with the KLK6 inhibitor, antithrombin III (Fig. 2c) . A CEST spectrum was acquired immediately before addition of the media and inhibitor to the agent, which showed a 96.2 % ratio of CEST signals at 5.3 ppm (7.48 %) and 9.5 ppm (7.77 %). A CEST spectrum acquired 8 h after addition of the media showed an 86.9 % ratio of CEST signals from the amide (5.46 %) and salicylic acid (6.28 %). This change in the CEST signal ratio indicated that the reaction coordinate was 0.10, indicating that the inhibitor had successfully reduced KLK6 activity in the media.
The imaging results were processed on a pixel-wise basis and using Eq.
[1] to demonstrate that catalyCEST MRI can produce spatial maps of KLK6 activity (Fig. 2d) . The large majority of the reaction coordinate map for the HCT116 in vitro study showed a very high reaction coordinate, while the reaction coordinate maps of the in vitro studies with shKLK6 and antithrombin III inhibitor showed a very low reaction coordinate.
Evaluation of Parameters for CatalyCEST MRI Studies In Vivo
To correlate CEST signal amplitudes with the concentration of the agent, CEST MRI was performed and analyzed with a HW-Conc linear analysis method (Fig. 3a,b) [22] . This correlation was non-linear, although the correlation could be approximated to be linear for CEST signals ≤10 %. The nonlinear correlation at very high concentration can cause the reaction coordinate to be underestimated, because the ratio of CEST signals will experience little change while the high amide concentration decreases due to enzyme catalysis. In addition, a 1.16 % CEST signal has a 95 % probability of being real based on the signal-to-noise of our in vivo images (details are included in the ESM) [17] . The salicylic acid moiety can generate 1.16 % CEST signal at 7.0-mM concentration, while the aryl amide can generate this level of CEST signal with 3.8 mM of contrast agent. Based on these results, we sought a delivery method that could accumulate at least 7.0 mM of agent in tumor tissue for adequate detection of both CEST signals.
To evaluate the stability of the contrast agent in plasma, we added 20 mM of agent to blood plasma from mice bearing a HCT116 tumor, and monitored the CEST signal amplitudes for 6 h (Fig. 3c) . These two CEST signals were approximately the same at 8.50 and 9.21 % at the start of the study, and had decreased to 2.94 and 4.08 % by the end of the study. The temporal change in the ratio of the CEST signals was used to determine that the reaction coordinate matched an exponential function, which indicated that the reaction was first order as anticipated (Fig. 3d) . The results at the end of the study showed a reaction coordinate of 0.5, demonstrating that the plasma had enzyme activity that could cleave the peptidyl ligand of the agent. In addition, the decrease of the CEST signal at 9.5 ppm suggested that the plasma caused some general degradation of the agent during the 6 h of incubation. Based on this result, we performed Fig. 3 CatalyCEST MRI conditions. a The relationship between concentration and CEST signal was fit with a linear HW-Conc analysis method (29) . The R 2 values were 0.97 and 0.82 for the lines for the amide and salicylic acid, respectively. b This linear fitting was converted to show the relationship between CEST signal versus concentration. The dashed line represents the minimum CEST signal during in vivo studies that can be reliably measured with 95 % probability. c The CEST spectra showed the ratio of the CEST signals before and 6 h after incubation of the agent in plasma, which showed enzyme activity and slow degradation of the agent. d The reaction coordinate increased over 6 h, which matched a monoexponential function. e The incubation of the agent in plasma pre-treated with inhibitor showed no enzyme activity.
subcutaneous injections during our in vivo studies, rather than performing intravenous injections that may cause cleavage of our agent in the blood during delivery to the tumor. An identical study was performed with the addition of antithrombin III inhibitor (Fig. 3e) . These results showed no evidence for cleavage of the agent, indicating successful inhibition of relevant enzyme activity in the plasma.
Conditions that may affect CEST signals were evaluated to determine their effect on the catalyCEST MRI detection of enzyme activity (details are provided in the ESM). The reaction coordinate was found to be independent of saturation time (Fig. S3a-c) , which matched results with similar ratiometric CEST MRI methods [23] . A low saturation power can underestimate the reaction coordinate because incomplete saturation of each labile proton on an agent causes their CEST signal amplitudes to become more equivalent, so we performed in vivo studies at a relatively high 4-μT saturation power (Fig. S3d-f) [24] . The reaction coordinate showed only a minor dependence on temperature of 3.2 %°C −1 (Fig. S4) . The reaction coordinate was also underestimated with decreasing pH because a lower pH causes the chemical exchange rates to decrease and become more equivalent (Fig. S5) .
Detection of KLK6 Activity and Inhibition In Vivo
CatalyCEST MRI studies were performed in vivo with the HCT116 tumor model, shKLK6 model, and the HCT116 model treated with inhibitor (Figs. 4, S6) . The results with the HCT116 model showed an average pixel-wise 5.5 % CEST signal at 9.5 ppm in the tumor, demonstrating sufficient delivery of the agent into the tumor for catalyCEST MRI detection. The HCT116 model treated with antithrombin III inhibitor showed an average 4.6 % CEST signal at 9.5 ppm, which also demonstrated good delivery of the agent into the tumor. The similarity of these results suggested that the inhibitor did not affect agent uptake. For comparison, the shKLK6 model showed an average 13.2 % CEST signal at 9.5 ppm in the tumor, demonstrating excellent delivery of the agent to the tumor of this model. The rationale for the greater uptake of agent in the shKLK6 model relative to the HCT116 model is unknown. The CEST amplitude at 9.5 ppm among all 10 mice studied ranged from 2.3 to 14.3 % with a standard deviation of 4.8 % CEST amplitude. Despite this range of uptake among the tumors studied, the reaction coordinate could be determined in a concentration-independent manner due to the ratiometric approach using an enzyme responsive and an unresponsive CEST signal from the same agent. In each case, CEST signals from tissues surrounding the tumor were negligible, indicating washout of the agent from non-tumor regions before and/or during acquisition to a concentration level that was too low for reliable CEST signal detection (Fig. S7) . The HCT116 tumor model showed an average pixel-wise CEST signal of (0.07 ± 0.06)% and (5.6 ± 1.9)% at 5.3 and 9.5 ppm, respectively. This low CEST signal at 5.3 ppm resulted in an average reaction coordinate of 0.98 ± 0.03 that indicated strong KLK6 activity (Fig. 5) . These results were also reflected in the activity map that showed the distribution of the reaction coordinate in the HCT116 model. For the shKLK6 tumor model, the average amplitude of the CEST signal at 5.3 and 9.5 ppm were (5.1 ± 2.8)% and (13.2 ± 3.3)%, which resulted in an average reaction coordinate of 0.62 ± 0.19. Therefore, catalyCEST MRI was able to detect a lower enzyme activity in this model with knockdown KLK6 expression, although some enzyme activity that cleaved the agent was still present. Furthermore, the standard deviation of 0.19 indicated a range of enzyme activities in this tumor model, relative to the HCT116 model that showed more consistent results. Finally, the HCT116 tumor model treated with antithrombin III inhibitor had CEST signals of (2.5 ± 0.7) and (4.6 ± 2.2)% at 5.3 and 9.5 ppm, engendering an average reaction coordinate of 0.33 ± 0.22. The average KLK6 activity detected in the HCT116 model was significantly higher (P G 0.01) than the average activity detected in the shKLK6 model or the model treated with inhibitor. This result showed that catalyCEST MRI can detect the effects of enzyme inhibition within the in vivo tumor model.
Discussion
Our studies in biochemical solution and in vitro showed almost no enzyme activity after inhibition with antithrombin III. However, our in vivo studies still detected some remaining enzyme activity after administration of antithrombin III, which may be due to incomplete inhibition of KLK6 in vivo. Similarly, some remaining enzyme activity was detected in the shKLK6 tumor model with knockdown KLK6 expression, which may be attributed to the well-known incomplete elimination of KLK6 expression using short-hairpin RNA technology. In both cases, the remaining enzyme activity may also be due to the activity of other extracellular enzymes in the tumor tissue that could cleave the CEST agent and were not inhibited by antithrombin III. For example, we have previously detected the activity of cathepsin B using the same FRSA agent [8] . Therefore, catalyCEST MRI may have reduced specificity for detecting an intended enzyme in vivo. Yet, this potential problem may also be considered a strength of this diagnostic technique, because evaluating the sum of a specific activity caused by multiple enzymes in vivo is a better indicator of an inhibitor's ability to neutralize a biological process rather than simply neutralizing a single type of molecule.
The ability to interrogate enzyme activity in solution, in vitro and in vivo with a single imaging technology can mitigate concerns that different results are not a manifestation of a different methodology. However, minor differences exist between these studies. For example, the endogenous T 1 relaxation time constant of the water MR signal is typically shorter in vivo than in biochemical solution and in vitro, and a shorter T 1 relaxation time can reduce the CEST signal amplitude [25] . CEST signals are also dependent on temperature as shown in this study, and temperature can be more easily controlled in biochemical solutions and in vitro media relative to in vivo tissues. The CEST signal amplitudes are directly dependent on concentration of the agent, and the concentration of the agent is difficult to determine in vivo relative to well-determined preparations of biochemical samples and in vitro media. Fortunately, past studies have shown that two CEST signals can have equal dependencies on T 1 relaxation and concentration, so that the ratio of two CEST signals and the reaction coordinate are independent of these characteristics [15] . Similarly, our study has shown that temperature has only a minor effect on the ratio of CEST signals that determine the reaction coordinate of enzyme activity. These evaluations show the merits of including an enzyme unresponsive CEST signal in the study, which improves the comparison of results between biochemical solutions, in vitro conditions and in vivo studies.
As shown in our studies, some experimental conditions can affect the accuracy of the measured reaction coordinate. A very high concentration of agent that produces 910 % CEST can cause an underestimation of the reaction coordinate using Eqs. (1) and (2) . Most of the CEST signals measured in our studies were below this signal level. Yet, future studies that measure high CEST signals should incorporate a non-linear CEST-concentration calibration in the analysis, as shown in Fig. 3a. A lower saturation power during CEST MRI studies can cause the reaction coordinate to be underestimated, which may be addressed by performing additional MRI scans that map the variability in saturation power applied in vivo, known as a B 1 map [26] . Also, a lower pH causes the reaction coordinate to be underestimated, which should be addressed during in vivo studies of tumors with high metabolic acidosis [27] . For example, we estimated that the shKLK6 model would need to be ≥0.9 pH units lower than the HCT116 model to account for our in vivo catalyCEST MRI results described below, which is unrealistic for these similar tumor cell lines. This issue may be evaluated by mapping the extracellular pH in tumors using acidoCEST MRI [28] .
Our studies with KLK6 have expanded the portfolio of enzyme activities that are detected with catalyCEST MRI. Our CEST agent has a modular design, whereby the peptidyl ligand can be modified to become a substrate for other enzymes [10, 11] or the salicylic acid moiety can be modified to be a substrate [29] . Thus, exploiting this modular design to develop additional CEST agents for the detection of enzyme activity is a useful paradigm for molecular imaging.
